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ABSTRACT 

This l abora to ry  has  undertaken s tud ie s  of "Basic Processes Occurring 

i n  Gaseous Plasmas i n  Various Charge Density and Energy S ta t e s "  i n  agree- 

ment with NASA L e w i s  Research Center under NASA Grant NGR 14-005-037. 

This r e p o r t  reviews t h e  work performed under t h i s  g r a n t ,  sugges ts  how t h e  

r e s u l t s  of  t h e s e  s t u d i e s  can be applied t o  f u t u r e  p r o j e c t s  and l is ts  t h e  

t e c h n i c a l  r e p o r t s ,  t h e s e s  and s c i e n t i f i c  a r t ic les  i n  which t h e  r e s u l t s  o f  

t h e s e  i n v e s t i g a t i o n s  have been published. 
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I. INTRODUCTION 

This g ran t  has been used t o  inves t iga t e  a wide range of t o p i c s  i n  

Gaseous Plasmas. 

of  s e n s i t i v e  l a s e r  d iagnos t ic  procedures f o r  t h e  inves t iga t ion  o f  plasma 

p rope r t i e s .  

g ran t  was terminated before  t h e  l a s e r  d iagnos t ic  techniques could be appl ied  

t o  t h e  determinat ion of s i g n i f i c a n t  plasma p rope r t i e s .  

p r o j e c t s  were concerned with inves t iga t ions  of  bas i c  processes  occurr ing 

i n  gaseous plasmas using t h e  cur ren t ly  a v a i l a b l e  d iagnos t ic  procedures.  

These p r o j e c t s  a r e  a l l  thoroughly covered i n  t h e  next s ec t ion .  

The i n i t i a l  work performed was concerned with t h e  development 

This  p r o j e c t  has m e t  w i t h  considerable  success ,  although t h e  

The remaining 

A l l  of t h e  p r o j e c t s  i n i t i a t e d  under t h i s  g ran t  have shown an ind ica t ion  

of f u t u r e  promise. 

i n v e s t i g a t i o n s  w i l l  p lay an important p a r t  i n  f u t u r e  s c i e n t i f i c  s t u d i e s .  

There is every ind ica t ion  t h a t  t h e  r e s u l t s  of  t h e s e  



11. THE LASER HETERODYNE SYSTEM FOR PLASMA DIAGNOSTICS 

The Gaseous Elec t ronics  Laboratory of  t h e  Universi ty  of I l l i n o i s  has 

been a pioneer i n  t h e  development and use of l a s e r  d i agnos t i c  techniques 

f o r  t h e  probing of gaseous discharges.  This background experience provides 

us  with a unique c a p a b i l i t y  t o  conduct experimental  s t u d i e s  of  t h e  charge 

d i s t r i b u t i o n  i n s i d e  plasma devices .  

aspec t  of  l a s e r  d i agnos t i c s ,  t h e  "Laser Heterodyne System" 

Indeed, we have developed one p a r t i c u l a r  

1 2  ' t o  t h e  po in t  

10 3 
/ c m  where it is  now poss ib l e  t o  measure e lec t ron  d e n s i t i e s  as low as 5 x 1 0  

2 over pa th  lengths  of  20 c m  with a cross s e c t i o n a l  r e so lu t ion  o f <  1 mm . 
We can a l s o  make simultaneous measurements of n e u t r a l  dens i ty  v a r i a t i o n s  

and t h e  v a r i a t i o n s  of one o the r  plasma component, poss ib ly  exc i ted  s t a t e s .  

To put  t h e  laser heterodyne system i n  perspec t ive ,  it is  use fu l  t o  

. first examine i t s  forerunner ,  t h e  laser in te r fe rometer .  In  t h e  laser 

in t e r f e romete r ,  t h e  plasma being s tudied  is  placed wi th in  t h e  laser c a v i t y .  

Changes i n  t h e  d e n s i t i e s  of t h e  plasma cons t i t uen t s  cause corresponding 

changes i n  t h e  o p t i c a l  path length  of t h e  l a s e r  c a v i t y  which i n  t u r n  a l t e r  

t h e  laser frequency. The change i n  laser frequency i s  determined by an 

e x t e r n a l  o p t i c a l  c a v i t y  which operates  e s s e n t i a l l y  as a f ixed  frequency 

meter. 

ant i - resonances)  o f  t h e  ex te rna l  cav i ty ,  t h e  l a s e r  output  w i l l  e x h i b i t  

i n t e n s i t y  peaks and n u l l s  ( f r i n g e s )  corresponding t o  t h e  presence of t h e s e  

resonances.  

c l o s e l y  t h e  resonances of  t h e  ex terna l  cav i ty  a r e  placed a s  a func t ion  of  

As t h e  laser frequency scans through t h e  var ious resonances (and 

Obviously, t h e  s e n s i t i v i t y  o f  t h i s  system i s  l imi t ed  by how 

frequency. A f u l l  

many papers  by t h e  

va r ious  s t ra tegems 

desc r ip t ion  of t h e  l a s e r  in te r fe rometer  is  given i n  

staff of  t h e  Gaseous Elec t ronics  Laboratory. 3'4 The 

used t o  increase  t h e  s e n s i t i v i t y  of t h i s  system have ' . 
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given a lower l i m i t ,  f o r  s i n g l e  shot  experiments, of  one f r i n g e  per  

7 .6  x 

of f r a c t i o n a l  f r i n g e  s h i f t s  do not improve t h i s  f i g u r e  by more than an 

order  of magnitude. 

devised a system with e s s e n t i a l l y  " i n f i n i t e  r e so lu t ion , "  t h e  l a s e r  hetero-  

dyne system. 

electrons/cm3 over a path length of 40 c m .  Even measurements 

In  order  t o  measure lower d e n s i t i e s ,  we have t h e r e f o r e  

i n  the  l a s e r  he te rodjae  system, t h e  plzsma to h e  observed is  a l s o  

placed i n  t h e  cav i ty  of a probe l a s e r .  

changes i n  t h e  plasma r e f r a c t i v e  index cause a s h i f t  i n  t h e  l a s e r  frequency. 

I n  t h i s  case ,  however, t h e  frequency s h i f t  i s  de tec ted  by heterodyning t h e  

probe l a s e r ' s  output  with t h e  s i g n a l  from a re ference  laser of e s s e n t i a l l y  

cons tan t  frequency, t h e  l o c a l  o s c i l l a t o r .  The changes i n  t h e  frequency o f  

t h e  r e s u l t i n g  bea t  no te  a r e  de tec ted  with conventional video-frequency 

equipment. 

As i n  t h e  case  of  t h e  in te r fe rometer ,  

The device containing t h e  plasma whose s p a t i a l  and temporal behavior 

is  t o  be  measured is  placed wi th in  the cav i ty  of  a He-Ne l a s e r .  

laser beam i s  p a r a l l e l  t o  t h e  a x i s  of t h e  device so t h a t  t h e  l a s e r  beam 

i n t e r a c t s  with t h e  maximum volume of plasma. The output  of t h i s  l a s e r  

is  mixed with t h e  output  of t h e  reference laser and t h e  frequency d i f -  

fe rence  is  de tec ted  by a square l a w  photodetector .  

The 

Only t h e  low f r e -  

quency components are r e t a ined  and these a r e  displayed using conventional 

video frequency e l e c t r o n i c s .  

t h e  frequency of  t h e  probe l a s e r  w i l l  change and t h i s  w i l l  be displayed 

on an osc i l loscope .  

l e n g t h s ,  .6328 p ,  1.15 p and 3.39 p ,  t h e  da ta  obtained a t  these  t h r e e  

A s  the  plasma r e f r a c t i v e  index changes, 

Since t h e  l a s e r s  we use opera te  a t  t h r e e  wave- 

3 



wavelengths can be used t o  determine e l ec t ron  dens i ty  v a r i a t i o n s ,  n e u t r a l  

dens i ty  v a r i a t i o n s ,  and poss ib ly  t h e  cont r ibu t ion  due t o  c e r t a i n  exc i ted  

atoms or molecules. 

The r e l a t i o n  between d e n s i t i e s  and frequency s h i f t s  can be determined 

i n  t h e  following manner. The frequency of t h e  l a s e r  (wi th in  t h e  Doppler 

broadened l i n e )  i s  determined by t h e  requirement t h a t  t h e  round t r i p  phase 

s h i f t  of  t h e  o p t i c a l  s i g n a l  within the cav i ty  must be a mul t ip l e  of  IT 

r ad ians .  Therefore,  with no plasma the frequency o f  t h e  probe l a s e r ,  w 
0 )  

is determined by t h e  equation: 

6 
where q is  t h e  long i tud ina l  mode number of t h e  c a v i t y  ( % l o  ), d 

length  of t h e  cav i ty  and A $ ( w )  is the  e x t r a  phase s h i f t  introduced by t h e  

is t h e  R 

d i spe r s ive  na ture  of  t h e  l a s e r  t r a n s i t i o n .  

frequency of t h e  probe laser changes t o  w 

When a plasma is formed, t h e  

where 1’ 

w 
0 

An (t) is  t h e  r e f r a c t i v e  index change produced by t h e  plasma and d is 
P P 

t h e  l eng th  of t h e  plasma being probed. 

should be a maximum for g r e a t e s t  s e n s i t i v i t y .  

which i s  always t r u e  for our region of i n t e r e s t ,  t h e  r e f r a c t i v e  index of t h e  

A s  can be seen from t h i s  equat ion,  d 
P 

For t h e  case when w 2 / w 2  << 1, 
P 

plasma i s  given by 

2 

2 2  

w 
n = l - - -  + 211 Nm am t 2aZcri(w) Ni 

i w P ( 3 )  
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where 

w 2 =  
P 

a =  m 

a. = 
1 

- N Ni - In' 

2 

is t h e  plasma frequency Nee 
rnc 

p o l a r i z a b i l i t y  of  t h e  ground s t a t e  atoms or molecules 

__. 

0 

p e r  u n i t  volume 

p o l a r i z a b i l i t y  of ions  or  exc i ted  atoms per  u n i t  volume 

number dens i ty  of  ground s t a t e  atoms/molecules, exc i t ed  

atoms/ions. 

There a r e  t h r e e  va r i ab le s  i n  n - A N e ,  AN and AN. so,  i n  genera l ,  t h r e e  

independent equations of t h e  form of Equations (1) and ( 2 )  are requi red .  

Our t h r e e  wavelength operat ion may provide t h i s .  Normally, however, exc i ted  

spec ies  play an i n s i g n i f i c a n t  r o l e  and s o  only two wavelength measurements 

are necessary.  

P '  m 1 

We w i l l  consider  only t h i s  case f o r  s impl i c i ty .  Therefore,  

2 ANe 
An = - - - -  + 2 r a  AN l e  

2 m E  2 m m  
o w  P (4)  

Since t h e  con t r ibu t ion  due t o  AN 

con t r ibu t ion  due t o  AN v a r i e s  inverse ly  with frequency, t w o  wavelength 

measurements w i l l  provide so lu t ions  for ANe and ANm. 

ope ra t ion  a t  nominally two wavelengths X1 (say 6328 A )  and X 2  (say 1.151.1). 

From Equations (11, ( 2 )  and ( 4 )  

is frequency independent and t h e  m 

e 

L e t  u s  assume l a s e r  
0 

and t h e r e f o r e ,  

1 1 AN" - - (- 
2rccmc 

d 
C2n am ANm 

a w  

2 2  
1 , 2  

eX 

8r mcoC 
- 

2 2  

5 

( 5 )  



2  IT cmE C aA4,  
CAf2(l + --) , e e di a w  and AN = c  

C aQ1 
ai a w  

Afl(l + --)I A1 

x2 
- -  

If A f  and Af 2 1 a r e  experimentally measured, ANe and ANm can be 

determined s i n c e  t h e  o the r  q u a n t i t i e s  involved a r e  known or are measurable. 

The d i spe r s ion  terms - ”’ a r e  t h e  only troublesome terms i n  t h i s  r e s p e c t .  

For t h e  He-Ne l a s e r ,  - is neg l ig ib l e  for operat ion a t  ,6328 p or 1 . 1 5  p 

s i n c e  t h e s e  a r e  low ga in  t r a n s i t i o n s .  

an e r r o r  of  no more than  a few percent .  

aw 

aw 

Neglecting t h i s  term would con t r ibu te  

For He-Ne lasers opera t ion  a t  

3.39 p ,  - ”’ can con t r ibu te  an e r r o r  of 20 t o  30% and so  must be evaluated.  
a w  

Normally, opera t ion  a t  t h i s  wavelength would be avoided, however, t h e  3.39 p 

opera t ion  should g ive  t h e  most s e n s i t i v i t y  t o  e l ec t ron  dens i ty  changes. 

In  o rde r  t o  t a k e  advantage of t h e  f a c t ,  w e  have developed an experimental  

technique f o r  t h e  determinat ion o f  - under a c t u a l  measurement condi t ions .  

This has provided us with a t h r e e  wavelength l a s e r  heterodyne system of  

high r e s o l u t i o n  and s e n s i t i v i t y .  

aw 

The laser heterodyne technique has been developed t o  t h e  po in t  t h a t  

it can be  used t o  make r e l i a b l e  and rou t ine  plasma measurements. 

breakthrough i n  t h e  u s e  of t h e  3.39 p t r a n s i t i o n  should al low us  t o  g e t  

apprec iab ly  more s e n s i t i v i t y  than  our previous value (using t h e  1.15 p 

and .6328 p t r a n s i t i o n )  of  5 x lo1’ We 

The la tes t  

over a 20 cm path l eng th .  

a r e  i n  an exce l l en t  pos i t i on  the re fo re ,  t o  i nves t iga t e  t h e  temporal and 

s p a t i a l  v a r i a t i o n s  of  low dens i ty  plasmas. 

Future  inves t iga t ions  could very p r o f i t a b l y  use t h e  l a s e r  heterodyne 

techniques t h a t  we have p a r t i a l l y  developed under NASA sponsorship.  For 

6 



i n s t ance ,  t h e  behavior o f  plasmas near sur faces  is  of  d i r e c t  re levance 

and has been t h e  sub jec t  of an enormous amount of conjecture  and theory ,  

bu t  a d i r e c t  experimental  confirmation of  e x i s t i n g  theo r i e s  has not  been 

obtained.  Before t h e  advent of t h e  l a s e r s ,  t h e  

two primary methods of  plasma dens i ty  determinat ion were microwaves and 

probes. Probe c h a r a c t e r i s t i c s  depend upon t h e  plasma-surface i n t e r f a c e  

c h a r a c t e r i s t i c  and hence cannot be used t o  g ive  an independent measurement 

of plasma-surface behavior.  

r e spec t  bu t  s u f f e r  from t h e  lack  of  spa t ia l  r e s o l u t i o n  obta inable  with a 

I t  is easy t o  see why. 

Microwave techniques a r e  independent i n  t h i s  

probe. 

surements which a r e  independent of plasma-surface p rope r t i e s ,  coupled 

with f i n e  s p a t i a l  r e s o l u t i o n .  

Laser d i agnos t i c  techniques,  however, should provide us with mea- 

The l a s e r  techniques a r e  c lose ly  r e l a t e d  t o  t h e  microwave methods 

with t h e  obvious modif icat ion of  increased frequency. 

frequency c a p a b i l i t y  afforded by l a s e r s  a l lows much g r e a t e r  s p a t i a l  r e -  

s o l u t i o n .  

The increased 

Figure 1 i l l u s t r a t e s  t h e  s p a t i a l  r e so lu t ion  obta inable  i n  t h e  

heterodyning system with t h e  gas  l a s e r .  

s u r f a c e  i n t e r f a c e  t o  be  s tudied  is located wi th in  t h e  laser c a v i t y .  

Then t h e  e l e c t r i c  f i e l d  of t h e  normal modes wi th in  t h i s  c a v i t y  a r e  

descr ibed  by t h e  Hermite-Gaussian funct ions.  5’6 

TEM 

fol lowing r e l a t i o n  : 

Let us suppose t h a t  t h e  plasma- 

For t h e  lowest order  

mode, t h e  f i e l d  v a r i e s  i n  t h e  t r ansve r se  plane according t o  t h e  
00 

( 8 )  2 2  E ( r )  Qexp - r /w 

where w = spot -s ize  of t h e  l a s e r  beam ( s e e  f i g .  1 f o r  d e f i n i t i o n ) .  

For a t y p i c a l  set  of parameters,  l e t  us  pick a d % 98 cm, b % 100 c m ,  - - 

7 



Radius of Curvature = b 

Plasma 

A 

J W(Z)  

-7 - 
X '  

Surface 

I \ 

d b  
e 

d 1- 5 

Figure 1 Geometry of Laser-Plasma I n t e r a c t i o n  
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X = 0 . 6 3 2 8 ~ .  The minimum spot -s ize ,  w equals 0.168 mm, and t h e  beam 

s i z e  is doubled a t  a d i s t ance  of  42 cm from t h e  f l a t  mirror .  Thus one has 

a t  l e a s t  a 0.6 mm s p a t i a l  r e s o l u t i o n  over a plasma length  of  40 cm. 

one can t r a d e  plasma l eng th ,  laser cavi ty  l eng th ,  and mir ror  separa t ion  f o r  

increased s p a t i a l  r e so lu t ion .  

0, 

Obviously, 

I t  should be emphasized t h a t  one can s t i l l  i n f e r  f i n e r  s p a t i a l  r e s o l u t i o n  

by u t i l i z i n g  t h e  pe r tu rba t ion  theory deveioped for microwave c a v i t i e s .  

would assume a power s e r i e s  expansion f o r  c ross -sec t iona l  v a r i a t i o n  of t h e  

e l ec t ron  dens i ty  as a func t ion  of t h e  d i s t ance  away from t h e  surface; ;.e., 

h e  

Ne(x) = al rOL- + a2 ("..- x) + a  ("..- ") * + . . .  
( 9 )  

L = a r b i t r a r y  s c a l e  l eng th ,  (x 

The resonant  frequency o f  t h e  o p t i c a l  c a v i t y  (and thus  t h e  laser frequency) 

is  given by: 

and x are def ined i n  f i g u r e  1) 
0 

2 
w - w .  2 IVNe(x) E dV 1 - 1  - -  e 

m E  w . ~  Zv E2dV 0 2 
0 1  

i 

where 

E = Opt ica l  f i e l d  i n t e n s i t y  

w .  = I n i t i a l  resonant ( l a s e r )  frequency 
1 

w = New l a s e r  frequency 

V = Volume of t h e  o p t i c a l  cav i ty  

(10) 

In  o r d e r  t o  eva lua te  t h e  c o e f f i c i e n t s ,  one r epea t s  t h e  experiment by changing 

parameters of t h e  measurement process.  For i n s t ance ,  one could a d j u s t  t h e  

plasma-surface i n t e r f a c e  w i t h  respec t  t o  t h e  cen te r  of t h e  l a s e r  beam, thereby 

changing t h e  parameter x i n  Equation ( 9 ) .  A l t e rna t ive ly ,  one could change 
0 

9 



mode) or change - d which changes t h e  1' 0 modes i n  t h e  l a s e r  ( say  t o  t h e  TEM 

spot  s i z e .  

t h e  s c a l e  length  over which t h e  plasma changes r a p i d l y  is much l a r g e r  than  

t h e  spot -s ize  w(z),  then  Equation ( 8 )  can be approximated by & ( X I ,  and 

The c o e f f i c i e n t s  a 1' a 2 y  a 3 a r e  ad jus ted  t o  f i t  t h e  da t a .  If 

Equation ( 1 0 )  y i e l d s  t h e  f a m i l i a r  equation: 238 9 9  

n 

d 27rc p W L ( 0 )  d 
w - o  - 1  P .?"c.p= A n - * -  

de 0 - 2  2 x de A 
0 

(11)  

or  

where 

An = r e f r a c t i v i t y  o f  t h e  plasma. 

Equation (10) has been i n  successfu l  u s e  for many years  i n  t h e  microwave 

cav i ty  technique,  even i n  some cases  where t h e  v a l i d i t y  of pe r tu rba t ion  

theory can be quest ioned.  

approach i s  su re ly  v a l i d  inasmuch as u2/w2 is  t y p i c a l l y  lo-*  or l e s s .  

However, a t  o p t i c a l  f requencies ,  t h e  pe r tu rba t ion  

P 
In  p r i n c i p l e  then ,  measurements of plasma. dens i ty  v a r i a t i o n s  over scale 

l eng ths  smal le r  than a spo t - s i ze  a r e  poss ib le .  

t i m e  is whether t h e  frequency s t a b i l i t y  of t h e  lasers and t h e  r e p e a t a b i l i t y  

of t h e  plasma production system is  good enough t o  make meaningful measurements. 

If t h e s e  experiments are success fu l ,  then  v a r i a t i o n s  on t h e  above experiments 

can be  performed involving changing the  type  of  su r face  ( i . e . ,  conducting 

as opposed t o  i n s u l a t i n g )  and biasing t h e  su r face  with r e spec t  t o  t h e  

plasma p o t e n t i a l .  

The quest ion mark a t  t h i s  

Other p r o j e c t s  could be pursued which a r e  c lose ly  r e l a t e d  t o  t h e  

previous t o p i c .  

of plasma d e n s i t i e s  could be made by comparing these  measurements t o  

simultaneous microwave and laser measurements. 

For in s t ance ,  an independent check of probe measurements 
? 

10 



111. EFFECTS OF LASERING UPON THE ELECTRON GAS AND 

EXCITED-STATE POPULATIONS I N  XENON DISCHARGES 

10,ll 
The work o f  R. Freiberg consis ted l a r g e l y  of demonstrating t h e  

usefulness  of a gaseous l a s e r  for  t h e  inves t iga t ion  of  t h e  r e l a t i v e  

importance of var ious electron-atom c o l l i s i o n s  i n  an a c t i v e  gaseous discharge.  

The l i s e r  r a d i a t i o n  used w a s  t h e  3 . 5 1 ~  (5d 

The gas  inves t iga t ed  was t h e  same xenon gas  used for l a s e r i n g .  

-+ 6 ~ ~ ~ )  t r a n s i t i o n  of xenon. 33 

The d ischarge  

tube  was placed i n  an o p t i c a l  cav i ty  and the  discharge c u r r e n t ,  e l ec t ron  

dens i ty ,  e l ec t ron  temperature and s p e c t r a l l y  resolved discharge r a d i a t i o n s  

were compared i n  t h e  presence and absence of l a s e r i n g .  Lasering was i n t e r r u p t e d  

by means o f  a mechanical chopping wheel posi t ioned wi th in  t h e  o p t i c a l  c a v i t y .  

S tudies  were made i n  a pressure  range o f  12.5 t o  25.5 m Torr and with d i s -  

charge c u r r e n t s  up t o  about 150 m amps. The discharge w a s  through a very 

small bore  c a p i l l a r y  ( 2  mm I.D.) and t h i s  r e s u l t e d  i n  l a r g e  anode d i r e c t e d  

p res su re  g rad ien t s  and assoc ia ted  e lec t ron  dens i ty  g r a d i e n t s ,  both o r i g i n a t i n g  

from e l e c t r o p h o r e t i c  e f f ec t s  known t o  be important i n  a closed c a p i l l a r y  

d ischarge  tube. Because of t hese  grad ien ts  it w a s  necessary t o  make t h e  

observa t ions  of e l e c t r o n  dens i ty  and temperature and discharge l i g h t  a t  

va r ious  a x i a l  pos i t i ons  along t h e  tube. 

c a v i t y  made it poss ib l e  t o  u t i l i z e  phase s e n s i t i v e  de t ec t ion  and so it was 

p o s s i b l e  t o  record t h e  e l e c t r o n  temperature v a r i a t i o n s  which were $, 0.4 pe r  

Mechanically chopping t h e  laser 

cen t  of an e l e c t r o n  temperature of  8,000 t o  10 ,000  OK, e lec t ron  dens i ty  

inc reases  and decreases  of l o 9  e lec t rons /cc  of e l ec t ron  d e n s i t i e s  between 

8 x lo1' t o  2 x 1 O I 2  e l ec t rons / cc  and r e s u l t i n g  changes of discharge c u r r e n t  

dur ing  l a s e r i n g  up t o  a maximum of  0.02 %. Changes i n  e l ec t ron  dens i ty  

were made by observing s h i f t s  i n  the resonant  frequency of a microwave c a v i t y .  

11 



Electron temperature was sometimes determined by observing changes i n  t h e  Q 

of t h e  cav i ty  bu t  p r i n c i p a l l y  by measurements of t h e  microwave no i se  emitted 

by t h e  plasma. 

The observat ion t h a t  discharge cur ren t  w a s  a l t e r e d  by l a s e r i n g  w a s  

found c o n s i s t e n t  with measured changes i n  e l ec t ron  dens i ty .  

a t  a given a x i a l  pos i t i on  along t h e  tube was found t o  decrease due t o  

l a s e r i n g  a t  low discharge cu r ren t s  but above a given c u r r e n t  ( a  func t ion  of 

p re s su re )  it was found t o  increase  with discharge c u r r e n t .  

a t  low c u r r e n t  was i n t e r p r e t e d  as due t o  t h e  l a s e r  induced depopulation of  

t h e  upper l a s e r  l e v e l  ( 5 ~ ~ ~ ) .  

e l e c t r o n  dens i ty  from e l ec t ron  c o l l i s i o n a l  i on iza t ion  of 5p s t a t e s .  The 

p a r t i a l  depopulation during l a s e r i n g  decreases t h i s  con t r ibu t ion  and thereby 

decreases  t h e  discharge cu r ren t .  However, a f t e r  t h e  normal discharge cu r ren t  

is increased  u n t i l  t h e  e l ec t ron  dens i ty  becomes g r e a t e r  than  about 1 0  

e l e c t r o n s  per  c m 3  t h e  e l ec t ron  dens i ty  increases  due t o  l a s e r i n g .  

concluded t h a t  increased i o n i z a t i o n  from t h e  enhanced 6p 

(below 6p 

Elec t ron  dens i ty  

The behavior 

Normally t h e r e  i s  a con t r ibu t ion  t o  f r e e  

33 

12 

It was 

and 6s metastables  22 

ion iza t ion  under t h e s e  condi t ions .  ) overcomes t h e  reduced 5d 22 33 

Thus small laser induced changes i n  exc i ted  s ta te  populat ions can permit 

assessment of  t h e  r e l a t i v e  importance of  cont r ibu t ions  o f  var ious exc i ted  

s ta te  populat ions t o  i o n i z a t i o n  i n  an a c t i v e  discharge.  

1 2  



IV. METASTABLE MEASUREMENTS IN FLOWING HELIUM AFTERGLOW 

Knowledge of t h e  populat ions of neu t r a l  metastables ,  both atomic and 

molecular,  is  important i n  understanding t h e  decay of  a helium plasma 

following t h e  ces sa t ion  of  a c t i v e  discharge ( i . e . ,  t h e  a f te rg low) .  

is  poss ib l e  t o  produce a s teady s t a t e  afterglow by producing a breakdown 

a t  soiiie po in t  ir! a flowing gas .  

po in t  corresponds t o  t i m e  i n  t h e  afterglow. 

populat ion s t u d i e s  i n  a flowing helium gas was demonstrated by observat ions 

over a range of  mean helium pressures  from 5 t o  35 Torr .  with t h e  gas  

nominally a t  room temperature . I2  

helium from below t h e  l i q u i d  l e v e l  of a l i q u i d  helium s to rage  dewar. 

I t  

Distance downstream from t h e  breakdown 

The f e a s i b i l i t y  of metastable  

Gas p u r i t y  was maintained by t ak ing  t h e  

The gas  flowed i n  a 1 cm diameter quar tz  tube making it necessary t o  

assume a parabol ic  d i s t r i b u t i o n  i n  ve loc i ty  across  t h e  tube .  

( ac ross  t h e  tube)  populat ion of t h e  t r i p l e t  atomic metastable  (2  S )  was 

determined as a funct ion of d i s t ance  from t h e  breakdown poin t  by solving 

t h e  d i f f e r e n t i a l  equation descr ib ing  r a t e  of  change of  2 S dens i ty  due t o  

loss  by d i f fus ion  and by three-body conversion i n t o  t h e  molecular metas tab le ,  

He2(2 E ) ,  by t h e  r e a c t i o n  

The mean 

3 

3 

3 

3 3 He(2 s )  t 2He -+ He2(2 C )  + He. 

-1 By experiment t h e  d i f fus ion  c o e f f i c i e n t  was found t o  be 490 cm2 sec  

and t h e  three-body combination c o e f f i c i e n t  0 .25  s e c  Torr-2. The th ree -  

Torr  

-1 

body c o e f f i c i e n t  is i n  good agreement with t h a t  repor ted  elsewhere. l3 I n  

o r d e r  t o  determine these  numbers it was necessary t o  o b t a i n  r e l a t i v e  mean 

2 S d e n s i t y  as a funct ion of  d i s tance  from t h e  breakdown po in t .  This was 

done by i n j e c t i n g  molecular oxygen a t  var ious d i s t ances  from t h e  breakdown 

p o i n t  and i n t e r p r e t i n g  t h e  l i g h t  observed from t h e  0 + second negat ive 

3 

2 
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3 system as r e s u l t i n g  from Penning ion iza t ion  of  0 by He(2 SI. 2 

A second de tec t ion  method was used i n  order  t o  o b t a i n  abso lu te  

3 measurements of t h e  mean He(2 S >  d e n s i t i e s .  

i n j ec t ed  in s t ead  o f  oxygen. 

c o l l i s i o n s  with t h e  in j ec t ed  gas .  

r a d i a t i o n  as i n  t h e  oxygen case  so  the  e f f e c t  of adding argon w a s  monitored 

by measuring t h e  increase  i n  mean e lec t ron  dens i ty  with a microwave cav i ty .  

By a t t r i b u t i n g  t h e  increase  i n  e lec t ron  dens i ty  s o l e l y  t o  t h e  e f f i c i e n t  

react ion  

In  t h i s  method argon w a s  

3 Again Penning ion iza t ion  occurred by He(2 S )  

However, t h i s  does not l ead  t o  v i s i b l e  

3 A r  t He(2 S >  + Ar' + He + e 

it w a s  poss ib l e  t o  i d e n t i f y  t h e  increase i n  mean e l ec t ron  dens i ty  i n  t h e  

cav i ty  reg ion  as t h e  mean dens i ty  of He(2 S > .  

e l e c t r o n  dens i ty  change w a s  developed .I4 

measured with an accuracy of 5 1 0  kc/sec by a superheterodyning technique 

3 An accura t e  means of measuring 

S h i f t s  i n  resonant  frequency were 

and t h i s  accuracy made it poss ib l e  t o  measure metastable  d e n s i t i e s  down t o  

7 -3 3 x 10 cm 

i n  t h e  range 2 

7 -3 3 x 1 0  c m  . 
argon-impurity 

t i m e  i nd ica t ed  

metas tab le  can 

I n  fact two c a v i t i e s  were used; one permi t t ing  measurements 

x 10l1 t o  lo1' cm-3 and t h e  o the r  i n  t h e  range lo1' t o  

Measurement of t h e  d i f fus ion  c o e f f i c i e n t  of He(2 S )  (from t h e  

experiments) as a funct ion of  pressure  a t  a given af te rg low 

t h a t  Penning ion iza t ion  of t h e  argon by t h e  molecular 

be important.  

3 

This can be taken i n t o  account (by using t h e  

r epor t ed  d i f fus ion  c o e f f i c i e n t  o f  the  molecular metastable)  and t h e  micro- 

wave d a t a  be  used t o  obta in  t h e  absolu te  sum of He(2 S >  plus  He2(2 1) i n  cases  

where t h e  molecular metastable  is important. 

In  conclusion, a r e l a t i v e l y  new experimental  technique,  t h e  s teady-  

3 3 

s t a t e  af te rg low,  has been shown t o  be use fu l  i n  t h e  s tudy of metastable  

s p e c i e s  i n  helium. 
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V. RECOMBINATION I N  LOW TEMPERATURE HELIUM PLASMAS 

Previous i n v e s t i g a t i o n s  i n  t h i s  l abora tory  of  an af terglow i n  helium 

gas maintained a t  a gas temperature of % 4 . 2 O K  revealed an anomalous behavior 

of t h e  v i s i b l e  a f te rg low l i g h t  due t o  a p p l i c a t i o n  of  a s h o r t  pu lse  of  small 

microwave power.” 

maintained a t  7 7 O K .  

s tudying t h i s  behavior a t  7 7 O K  i n  ca t aphore t i ca l ly  pure helium with atomic 

18  11 d e n s i t i e s  of  about 1 0  /cc  and e lec t ron  d e n s i t i e s  i n  t h e  range of 108-10 

Late r  a s i m i l a r  behavior was observed with t h e  gas 

The work of J .  Kaplafka’‘ cons i s t ed  p r i n c i p a l l y  of  

/cc .  

The d ischarge  tube  was contained wi th in  a s e c t i o n  of x-band microwave- 

guide.  

t h e  temperature of t h e  f r e e  e l ec t ron  gas  and as a probe t o  measure e l ec t ron  

dens i ty  and e l ec t ron  temperature.  

a f te rg low r a d i a t i o n s  were observed. 

e l e c t r o n  gas  t h e  af terglow l i g h t  i s  t h e  r e s u l t  o f  recombination. 

was found t o  be overwhelmingly molecular i n  o r i g i n  a f t e r  about t h e  first 

200 psecs of afterglow. 

found t o  be propor t iona l  t o  t h e  square of  t h e  e l e c t r o n  dens i ty .  

Microwaves were used both t o  d i s t u r b  t h e  plasma by means of increas ing  

Both t o t a l  and s p e c t r a l l y  resolved v i s i b l e  

. Because o f  t h e  low mean energy o f  t h e  

The l i g h t  

I t  or ig ina ted  from decay of t h e  He molecule and was 2 

The a p p l i c a t i o n  of  a square pulse  of  microwaves s u f f i c i e n t  t o  hea t  t h e  

e l e c t r o n  gas  r e s u l t e d  i n i t i a l l y  i n  a p a r t i a l  quenching of t h e  recombination 

l i g h t  just as observed i n  room temperature af terglows.  This i n i t i a l  quenching 

was used t o  determine t h e  e l ec t ron  temperature dependence of t h e  recombination 

c o e f f i c i e n t .  

e l e c t r o n  temperature which supports  t h e  conclusion drawn from t h e  e l e c t r o n  

d e n s i t y  dependence of  t h e  l i g h t ,  t h a t  only one e l ec t ron  r a t h e r  than two 

I t  was found t o  be approximately inverse ly  propor t iona l  t o  

t a k e s  p a r t  i n  t h e  recombination c o l l i s i o n .  

a f te rg low,  when hea t ing  is removed the  l i g h t  increased momentarily t o  a l e v e l  

But, un l ike  t h e  room temperature 
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, 

higher  than  t h e  i n t e n s i t y  l e v e l  before  hea t ing  ( i n  some cases as much as 

e i g h t  times h igher )  and i n  about 70 psecs re turned  t o  t h e  normal l e v e l .  

Microwave probing revealed t h e  su rp r i s ing  fac t  t h a t  e l e c t r o n  dens i ty  

increased during hea t ing .  I t  w a s  observed t h a t  i nc reas ing  t h e  e l e c t r o n  

temperature from 150°K t o  only 300°K increased e l e c t r o n  dens i ty  by % 50 

p e r  c e n t .  I t  was concluded t h a t  t he re  e x i s t s  a high populat ion o f  weakly 

bound e i e c t r o n s  which are n o m a l l y  i n  a near  collisional equi l ibr ium wi th  

t h e  e l e c t r o n  gas .  

i n  a n e t  product ion of f ree  e l ec t rons .  

e l e c t r o n  temperature r e t u r n s  quickly t o  normal ( % 1 psec) ,  t h e  normal 

weakly bound e l e c t r o n  populat ion is slowly re -es tab l i shed  but  t h e  

recombination is l a r g e  because of t h e  enhancement of e l e c t r o n  dens i ty  

during hea t ing  . 

Disturbing t h e  equi l ibr ium by microwave hea t ing  r e s u l t s  

When hea t ing  i s  removed t h e  

To expla in  t h e  high populat ion of weakly bound e l e c t r o n s  it i s  assumed 

t h a t  t h e s e  states are long-lived. 

long- l ived  states near  t h e  ion iza t ion  l i m i t  of  t h e  He molecule. 

This then  may be t h e  first evidence of 

2 
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